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Abstract
We investigate the strain state of ensembles of thin
and nearly coalescence-free self-assembled GaN
nanowires prepared by plasma-assisted molecu-
lar beam epitaxy on Ti/Al2O3(0001) substrates.
The shifts of Bragg peaks in high-resolution X-ray
diffraction profiles reveal the presence of a homo-
geneous tensile strain in the out-of-plane direction.
This strain is inversely proportional to the average
nanowire radius and results from the surface stress
acting on the nanowire sidewalls. The superposi-
tion of strain from nanowires with different radii
in the same ensemble results in a broadening of the
Bragg peaks that mimics an inhomogeneous strain
on a macroscopic scale. The nanowire ensem-
bles show a small blueshift of the bound-exciton
transitions in photoluminescence spectra, reflect-
ing the existence of a compensating in-plane com-
pressive strain, as further supported by grazing
incidence x-ray diffraction measurements carried
out at a synchrotron. By combining X-ray diffrac-
tion and photoluminescence spectroscopy, the sur-
face stress components fx and fz of the air-exposed
GaN{11¯00} planes that constitute the nanowire
sidewalls are determined experimentally to be 2.25
and −0.7 N/m, respectively.
Introduction
Due to the exceptionally large surface-to-
volume ratio of nanowires (NWs), surface ef-
fects play a key role for their properties. For
instance, depending on the material system,
nonradiative recombination at the NW sur-
faces might become a critical issue.1 Hence,
proper surface passivation is typically re-
quired for enhancing the performance of NW-
based devices.2,3 In addition, surface states in-
duce Fermi level pinning at the NW sidewalls,
which causes the bending of electronic bands.
The consequent formation of a space charge
region controls both the electrical transport
and optical properties of thin NWs.4–10 Fur-
thermore, the large aspect ratio of NWs also
promotes the elastic relaxation of mismatch
strain between the substrate and the NW as
well as in NW heterostructures, resulting in
coherent interfaces belowa certain criticalNW
diameter.11–13 Finally, the large NW surface-
to-volume ratio makes these nanostructures
particularly sensitive to physical and chemical
interactions with the environment. This in-
herent characteristic has been extensively ex-
ploited to fabricate NW-based gas,14–16 chem-
1
ar
X
iv
:2
00
2.
09
70
2v
1 
 [c
on
d-
ma
t.m
trl
-sc
i] 
 22
 Fe
b 2
02
0
ical17 and humidity sensors18 as well as to
develop cancer markers detectors.19
Another surface relatedphenomenonwhose
effects become evident at the nanoscale for
large enough surface-to-volume ratios is sur-
face stress.20–22 Surface stress is in some re-
spect similar to the effect of Laplace pres-
sure under the curved surface of a liquid,
but is different in one essential aspect. While
for a liquid surface energy and surface ten-
sion coincide (the surface energy can only
be changed by the creation of a new sur-
face), that is not the case for a solid. The
difference between surface energy and sur-
face tension for solid surfaces was consid-
ered by Gibbs and stems from the two pos-
sible ways of modifying the surface and its
energy, namely, by creating a new surface or
by stretching the existing one without chang-
ing the number of surface atoms.21,23–25 Sur-
face stress has been deeply investigated in var-
iousmetals in the formofnanoparticles,26,26–30
NWs,31,32 thin films33 and nanoporous lay-
ers,34 as well as in oxide nanoparticles25,35–43
and thin films.44 Concerning semiconducting
materials, surface stress has been investigated
in quantum dots45 and nanoparticles,25,46 and
also in Si NWs by means of computational
techniques.47 However, to the best of our
knowledge, the effects of surface stress have
never been experimentally observed in semi-
conducting NWs.
In this work, we present evidence of sur-
face stress in nearly coalescence-free self-
assembled GaN NWs grown by plasma-
assistedmolecular beam epitaxy (PA-MBE) on
Ti films sputtered on Al2O3(0001). GaN NWs
directly grown on metallic substrates have re-
cently emerged as a promising material sys-
tem for the fabrication of electronic and op-
toelectronic devices.48–59 Here, we exploit the
unique combination of small NW lateral di-
mensions and negligible coalescence degrees
in optimized GaN NW ensembles grown on
Ti53,60 to investigate the strain state of these
semiconducting nanostructures. In contrast
to previous studies reporting on coalescence-
free GaNNW ensembles,61–67 the samples an-
alyzed here contain GaN only in the form
of NWs, i.e., neither does the substrate con-
tain GaN nor does a parasitic GaN layer form
in between the NWs, which simplifies strain
analysis of the GaN NWs. The examination
of different coalescence-free GaN NW ensem-
bles by high-resolution X-ray diffraction (HR-
XRD) reveals the presence of homogeneous
strain that increases with decreasing of the
average NW radius. This radius-dependent
homogeneous strain is explained in terms of
surface stress acting on theNWsidewalls, and
becomes particularly relevant in ensembles of
thin NWs. Additionally, the broadening of
higher-order Bragg peaks in the HR-XRD pro-
files indicates the presence of significant strain
variations within the ensemble. This strain
variations do not arise from fluctuations of
the lattice constant within individual NWs,
but fromvariations of the lattice constant from
NW to NW due to the superposition of differ-
ent homogeneous strain states in the NW en-
semble, mimicking an inhomogeneous strain
on a macroscopic scale. The superposition of
diverse strain states also leads to a broaden-
ing of the excitonic transitions in continuous-
wave photoluminescence (cw-PL) spectra, re-
sulting in linewidths comparable to those re-
ported for NW ensembles prepared on Si.68
Finally, by combining X-ray diffraction and
photoluminescence spectroscopy, the surface
stress components fx and fz of the air-exposed
GaN{11¯00} planes are experimentally deter-
mined.
Results and discussion
Morphology, coalescence degree,
and orientation of GaN NWs grown
on Ti/Al2O3(0001)
Due to the potential impact of the NW mor-
phology, coalescence degree, and orienta-
tional distribution on the actual strain state of
GaNNW ensembles, we first analyze all these
aspects in a representative GaN NW sample
grown on Ti/Al2O3. Figure 1(a) shows a
bird’s-eye view scanning electron micrograph
of sampleA.Thegrowth conditions of this and
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Table 1: Ga and N fluxes (ΦGa and ΦN), growth temperature T, growth time t, and average NW
radius R for all investigated samples.
Sample ΦGa (ML/s) ΦN (ML/s) T (◦C) t (min) R (nm)
A 0.27 0.36 710 240 22
B 0.32 0.75 630 120 15
C 0.39 1.05 610 300 22
D 0.32 0.75 600 120 29
E 0.27 0.36 600 240 63
all other samples studied in the present work
are summarized inTable 1. Despite an average
NW length of about 2 µm, the NW density of
sample A is about 1×109 cm−2, almost one or-
der ofmagnitude lower than the typical values
reported for GaN NW ensembles grown on Si
and on other types of substrates.69–71 This re-
sult is attributed to the large Ga adatom diffu-
sion length on TiN, which results in diffusion-
induced repulsionof neighboringNWs.53Asa
consequence of the reducedNWnumber den-
sity, the NWs of sample A are virtually free of
coalescence. The almost negligible degree of
coalescence is clearly visible in the top-view
scanning electron micrograph shown in the
inset of Fig. 1(a). As can be observed, most
NWs nucleate relatively far from each other.
The actual coalescence degree of sample A, as
derived from themanual inspection of several
hundreds of NWs observed in top-view scan-
ning electron micrographs, is 5%. This value
is at least ten times lower than those of GaN
NW ensembles grown on Si with a compara-
ble length.72
Figure 1(b) presents the NW radius (R) dis-
tribution in sample A obtained from top-view
scanning electron micrographs. A Gaussian
fit returns a mean radius of R¯  22nm and a
standard deviation of the radial distribution
of ∆R  10 nm.
The orientation distribution of the NWs is
investigated by XRD. The in-plane orienta-
tion distributionwithin theNWensemble (the
twist) is assessed by a ϕ scan across the GaN
11¯00 reflection [Fig. 1(c)]. The full-width-at-
half-maximum (FWHM) of this reflection ev-
idences a twist of 0.7◦. This value is compa-
rable to the ones previously reported for GaN
NWs grown on AlN/6H-SiC(0001)68 as well
as on epitaxialmultilayer graphene,73 and sig-
nificantly smaller than those obtained in NW
ensembles prepared on Si (2–3◦).68,74 The re-
duced twist, resulting from the strict epitax-
ial relationship existing between the wurtzite
GaN NWs and the rocksalt TiN substrate
[α-GaN(0001)〈112¯0〉‖δ-TiN(111)〈11¯0〉],53,75 is
a consequence of the single-crystalline nature
of δ-TiN,60 which forms at the surface of the
Ti sputtered film upon exposure to the N
plasma.75
To assess the NW out-of-plane orientation
distribution (the tilt), we record an ω scan
across the GaN 0002 reflection [Fig. 1(d)]. The
FWHM of this reflection reveals a tilt of 2.1◦,
a value that is similar to those of GaNNW en-
sembles grown on Si.68,74,76 The value of the
tilt is, however, significantly larger than that
on AlN/6H-SiC(0001)68 and epitaxial multi-
layer graphene73 for which a tilt of 0.4◦ was
observed. We attribute the large tilt value to
the combination of two distinct phenomena.
First, the occurrence of strong interfacial reac-
tions between the impingingGa atoms and the
metallic substrate lead to a roughening of the
substrate surface that promotes the elongation
of misoriented NWs.60 Secondly, the negligi-
ble degree of coalescence minimizes the re-
duction of the average tilt caused by themerg-
ing of misoriented NWs.77
Finally, we investigate the NW polarity on
a macroscopic scale by KOH etching. For
this purpose, a piece of the sample is etched
in a 5M KOH aqueous solution at 40 ◦C for
90 min. The analysis of the etched sample
by scanning electronmicroscopy [Fig. 1(e)] re-
veals that the NWs become shorter and their
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Figure 1: (a) Bird’s eye view scanning electron micrograph of sample A. The inset presents a
top-view scanning electron micrograph of the same sample. (b) Distribution of the NW radii
obtained from top-view scanning electron micrographs. The average NW radius is determined
from the fit of a normal distribution to the experimental data, which is shown as a solid line. (c)
and (d) XRD ϕ and ω scans, respectively, across the GaN 11¯00 and 0002 reflections of sample A.
(e) Bird’s eye view scanning electron micrograph of sample A after 90 min etching in a 5M KOH
solution at 40 ◦C. The micrograph shown in the inset illustrates the pencil-like shape of etched
NWs. The scale bar in the inset corresponds to 1 µm.
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areal density decreases upon KOH exposure.
Moreover, after the chemical etching, theNWs
develop a pencil-like shape, as visible in the
inset of Fig. 1(e). The etching of the NWs in
KOH shows that they grow along the [0001¯]
axis,78,79 i. e., they are N polar.
Positionsof 000LBraggpeaksandho-
mogeneous strain εzz
In this section, we compare the angular po-
sitions of 000L Bragg peaks, sensitive to the
presence of homogeneous strain in the NW
axial direction, for NW ensembles of different
radii. Figure 2 presents exemplary bird’s-eye
and top-view scanning electron micrographs
of samples B–E. In these samples the mean
radius R¯ varies between 15 and 63 nm (see
Table 1) and the coalescence degree is small
in all cases (it remains in the 5–9% range for
samples A–D and increases up to about 20%
for sample E).
Figure 3(a) presents θ/2θ scans across the
GaN 0002 and the Al2O3 0006 reflections
for samples A–E. The peak positions of the
GaN 0002 reflection differs from sample to
sample, indicating that the NW ensembles
possess different average c lattice parameters.
The position of the Bragg angle for the 0002 re-
flection of a bulkGaN crystal derived from the
average value of the c lattice constant of bulk
GaN reported in Ref. 80 (cGaN  5.1855 Å, see
also Ref. 81 for further details) is indicated
in Fig. 3(a) by a vertical dashed line at θ=
17.2829◦. For all the investigated samples, the
position of the GaN 0002 reflection is found
at Bragg angles smaller than the one of bulk
GaN, revealing that uncoalescedGaNNWs on
Ti/Al2O3 are subjected to a net out-of-plane
dilatation.
The absolute values of the c lattice constants
for samples A–E are determined using the
Al2O3 0006 reflection as a reference, assuming
that the substrate is free of strain and taking
the c-Al2O3 lattice constant equal to 12.9920 Å.
The slightly broader substrate peaks observed
for samples D and E are attributed to residual
inhomogeneous strain in the substrate intro-
duced by the sputtered Ti film. The values of
the c lattice parameter derived from the posi-
tion of the GaN 0002 reflection from samples
A–E are presented in Fig. 3(b) as a function of
the inverse radius. The c lattice parameters of
bulk GaN and of a GaN NW ensemble grown
on Si, which are retrieved from Refs. 80 and
74, respectively, are included for comparison.
The error bars correspond to an uncertainty
of ±5 × 10−4 Å in the values of c and of 10%
for R, a value determined from the analysis
of top-view scanning electron micrographs.
The c lattice constants for the different NW
ensembles investigated here are found to lin-
early increase with 1/R. Hence, the measure-
ments reveal a homogeneous strain εzz  ∆c/c
in ensembles of uncoalesced GaN NWs on
Ti/Al2O3 exhibiting sub-50 nm radii that de-
pends on R as
εzz  α/R, (1)
where α  (6.4 ± 1.3) × 10−3 nm.
This radius-dependent homogeneous strain
in GaNNWs has not been reported up to now.
Homogeneous strain in GaN NWs was only
reported in ensembles of closely spaced GaN
NWs82 and attributed to the high degree of
coalescence associated to dense NW ensem-
bles. In the present case, the observed radius-
dependent homogeneous strain is clearly not
the result ofNWcoalescence since the samples
under investigation are nearly coalescence-
free. While the combination of the large lattice
constant and thermal expansion coefficient
mismatches (6.2% and 40.2%, respectively) ex-
isting between GaN and δ-TiN might intro-
duce in-plane compressive strain and out-of-
plane tensile strain in the GaN NWs at the in-
terface, epitaxial strain in NWs exponentially
decays along the NW length within a char-
acteristic distance equal to R.64,76 Also, if the
lattice mismatch would be the origin of the
observed homogeneous strain, thicker NWs
(sample D) would give rise to larger strain
contrary toour experimental observations (see
Fig. 3). The source of homogeneous strain in
our ensembles of thin and uncoalesced GaN
NWs must thus be a different one, as further
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Figure 2: (a) Bird’s eye-view scanning electron micrographs of samples B–E. The insets are top-
view scanning electron micrographs of the corresponding samples. The scale bar in (a) applies
to all micrographs.
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Figure 3: (a) XRD θ/2θ symmetric scans across the GaN 0002 and Al2O3 0006 reflections for
samples A–E. The profiles are normalized to the substrate peak and shifted vertically for clarity.
For each sample, the position of the center of the GaN 0002 diffraction peak, which is determined
from a Gaussian fit, is indicated by a dashed line. The expected peak position for bulk GaN
derived from Ref. 80 is also shown as a reference. (b) Variation of the c lattice constant as a
function of 1/R for samples A–E. The c lattice parameters of bulk GaN80 and of a GaN NW
ensemble grown on Si (possessing a high coalescence degree)74 are also shown for comparison.
The dashed straight line is the least-squares fit of the data.
discussed below.
BroadeningofBraggpeaks andstrain
inhomogeneity
Inhomogeneous strain gives rise to lattice
spacing variations that can be detected by
XRD as a broadening of the θ/2θ scans. θ/2θ
scans across the GaN 0002, 0004 and 0006 re-
flections from sample A are shown in Fig. 4
together with identical measurements per-
formed on the bulk GaN reference sample.
Since our analysis is restricted to symmetric
Bragg reflections, only the strain component
along the NW axis is involved in the study.
The diffraction profiles are asymmetric for
both sample A and the bulk reference sam-
ple. This asymmetry is a direct consequence
of the vertical (perpendicular to the scattering
plane) divergence of the X-ray beam, as ex-
plained in Ref. 76. For the 0002 reflection, the
FWHM of the diffraction peak for sample A
is almost the same as for the reference sam-
ple [Fig. 4(a)]. An enhanced diffuse scattering
from sample A at large deviation angles from
the position of the Bragg peak is attributed to
the broad out-of-plane orientational distribu-
tion of the NW ensemble. On the other hand,
the GaN 0004 and 0006 reflections from sam-
ple A are broader than those from bulk GaN
[Figs. 4 (b) and 4 (c)].
Since the strain broadening of the X-ray
diffraction peaks is proportional to the re-
flection order, the root mean square (rms)
strain variation is commonly derived from a
Williamson-Hall (WH) plot.83 Figure 5 shows
the WH plot in the reciprocal space represen-
tation given by β∗f  (β f cos θ)/λ versus the
inverse lattice spacing d∗  (2 sin θ)/λ, where
θ is the Bragg angle, and β f is the integral
breadth of the diffraction profile corrected by
the breadth of the resolution function:
β∗f  β
∗
s + 2ed∗. (2)
Here, β∗s is the broadening of the diffraction
peak due to the finite NW length, and the rms
strain variation is (2/pi)e because a Lorentzian
is used here to fit the diffraction profiles.
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Figure 5: Williamson-Hall plot for the sym-
metric GaN reflections of sample A and of
a GaN NW ensemble grown on Si.68 The
straight lines are linear fits to the experimental
data.
Figure 5 compares theWHplot for sampleA
with themeasurements on a GaNNWensem-
ble grown on Si(111)whose fabrication details
are reported elsewhere.68 The latter has a co-
alescence degree of 49%, notably smaller than
typical values reported for GaN NWs on Si of
about 80%.68,72 From the linear fits, we obtain
slopes of 1.6×10−4 and 3.3×10−4 for sample
A and the reference GaN NW ensemble, re-
spectively. The slope for sample A is obtained
from the 0004 and 0006 reflections since the in-
tegral breadth of the 0002 reflection of sample
A, corrected for the instrumental resolution, is
so close to zero that it would result in a neg-
ative intercept. From the slopes obtained by
the fits, we find an rms strain of 5.2×10−5 for
sample A and a twice larger value of 1.0×10−4
for the reference sample on Si.
At a first glance, the strain broadening of the
Bragg peaks of the NW ensemble on Ti is sur-
prisingly large given that the coalescence de-
gree for sample A is one order of magnitude
smaller as compared to that of the reference
sample on Si. However, the radius-dependent
homogeneous strain revealed above, together
with the broad distribution of the NW radii,
8
will inevitably result in a broadening of the
reflections in ensemble measurements. We
can easily estimate the Bragg peak width re-
sulting from this superposition of different
homogeneous strain states in the ensemble.
Using Eq. (1), we estimate the lattice spac-
ing variation over the ensemble of NWs as
∆d/d  ∆(α/R)  (α/R¯)(∆R/R¯), where ∆R is
the mean-squared radius deviation from the
average radius R¯. With the values R¯  22nm
and ∆R  10nm for sample A, we find an ap-
parent rms strain of 1.2 × 10−4, a value even
larger than the one determined from the anal-
ysis of the WH plot. This result implies that
the broadening of the Bragg peaks for sam-
ple A is in fact entirely due to the radius-
dependent homogeneous strain, and has no
contribution from actual strain fluctuations
within single NWs, such as induced when
NWs coalesce by bundling.76,84
Energy and linewidth of excitonic
transitions in PL spectra
The homogeneous strain observed in samples
A–D is expected to shift not only the position
of the diffraction peaks in XRD θ/2θ scans,
but also the position of donor-bound exciton
transitions in PL experiments. To check this
expectation, near-band-edge PL spectra for
samples A–D are collected at 9 K. Figure 6(a)
shows the normalized PL spectra of samples
B–D together with the one of a reference GaN
NWensemble grownon Si at 835 ◦C,85 asmea-
sured by an optical pyrometer.
The PL spectra of samples A and E are not
reported here because they are affected by dif-
fusion of O from the Al2O3(0001) substrate
and its incorporation into GaN.60 This effect is
observed only for these two samples because
of the reduced Ti film thickness, which pro-
motes O interdiffusion into GaN.60 However,
the width and energy of the near-band edge
transition in the PL spectrum of samples A
and E indicate an O concentration not higher
than 1019 cm−3,86 which translates into an O
induced hydrostatic strain of about 2×10−5.87
Since this value is one order of magnitude
smaller than the strain measured by XRD [see
Fig. 3(b)], samples A and E are still suitable
for the analysis of the homogeneous strain as
a function of the average value of R.
The PL spectra of samples B–D are domi-
nated by the recombination of excitons bound
to neutral oxygen donors (O0,XA) at about
3.47 eV, in agreement with previous work.88
We also observe in all samples, between 3.40
and 3.43 eV, the radiative recombination of ex-
citons bound to I1 basal-plane stacking faults
(I1,XA).89 Besides these transitions, for sam-
ple C and the NW ensemble grown on Si, we
additionally detect the recombination of exci-
tons bound to inversion domain boundaries
(IDB∗,X) at 3.45 eV.90,91 A closer look at the
(O0,XA) transition shows that for samples B–
D this line is always slightly blue-shifted as
compared to the spectrum of the reference
sample, for which the transition is centered
at 3.4703 eV [see Fig. 6(b)].
Surprisingly, despite the absence of coales-
cence, the full width at half maximum of the
(O0,XA) line (FWHMPL) for the NW ensem-
bles grown on Ti/Al2O3 are comparable to the
value of the reference sample prepared on Si
[see Fig. 6(b)]. This result is attributed to two
distinct effects. First, for an average NW ra-
dius of 20 nm, about one half of the donors
are located at a distance of less than one Bohr
radius from the surface. The resulting energy
dispersion of donor-bound excitons cause a
broadening on the order of 1meV.88,92 Second,
a broadening of the PL lines is also induced by
the distribution of radii in the NW ensembles
and the resulting distribution of transition en-
ergies, as a consequence of the strain depen-
dence on the radius. Themagnitude of this ef-
fect can be estimated from the positions of the
PL lines in Fig. 6 (a). Since the widths of the
radial distributions are comparable with the
mean radii, the widths of the PL lines are ex-
pected to be comparable with the shifts of the
PL lines with respect to the reference sample,
i.e., again on the order of 1 meV. As a conse-
quence of the combination of these two effects,
the PL linewidth is comparable to the values
observed for ensembles of thicker NWs on Si
(1–2 meV), for which a part of the broadening
is due to coalescence-induced strain variation.
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Figure 6: (a) Low temperature (9 K) PL spec-
tra of samples B–D on logarithmic scale. The
spectrum of the reference GaN NW ensemble
prepared on Si(111) is also included for com-
parison. The spectra are normalized and ver-
tically shifted for clarity. (b) Same spectra as
shown in (a) but on linear scale and restricted
to the (O0,XA) transition.
We point out that the PL energy position of
samples B–D is unlikely to be affected by the
dielectric confinement of excitons, which was
reported to cause a blueshift of the PL lines
only for NWs with even smaller diameters as
the present ones.93
Effect of surface stress
The c lattice parameter variation of the GaN
NWs in samples A–E is found to be inversely
proportional to the NW radius, as shown in
Fig. 3(b). We can exclude explanations of this
phenomenon specific to ionic systems.25 In
the following, we show that the most plau-
sible origin of the observed radius-dependent
homogeneous strain in GaN NWs is surface
stress. Surface stress is a tensor quantity, re-
flecting the fact that the surface, depending on
its symmetry, responds differently to stretch-
ing along different directions. The sidewalls
of GaN NWs are {11¯00} (M-plane) facets, and
for symmetry reasons the shear components
of the surface stress tensor are absent. Hence,
the surface stress tensor possesses only two
components, fz and fx . They represent forces
per unit length acting along the 〈0001〉 and
〈112¯0〉 directions between the atoms at the
surface of a facet. These forces are compen-
sated within the facets but not at their inter-
sections, giving rise to net forces applied at the
edges of the crystal.24 This effect is sketched
in Figs. 7(a) and 7(b), which show a schematic
diagram of an individual NW having hexago-
nal cross-sectional shape and the linear force
densities fx and fz acting on it.
Since the in-plane forces fx at the edges be-
tween facets formanangle of 120◦with respect
to each other, their sum is a vector of length
fx pointing radially. These linear force densi-
ties introduce an in-plane strain in each NW,
in a similar way to the effect of the Laplace
pressure under the curved surface of a liq-
uid. Strictly speaking, the strain produced by
these forces is inhomogeneous because they
are applied at the edges of the hexagonal NW
rather than being homogeneously distributed
over the whole NW external surfaces. How-
ever, the strain state differs rather little from
10
Figure 7: (a) Sketch illustrating the surface
stress acting on a faceted GaN NW: the force
densities fz and fx are applied at the NW top
and side edges, respectively. Both force densi-
ties result in a net bulk strain within the NW.
(b) Further illustration of the force density fx
acting on aGaNNW, as seen in cross-sectional
view.
a homogeneous strain, because the hexagonal
NW cross-section differs only slightly from a
circle.
The linear force densities fz are applied to
the perimeter of the top facet, rather than uni-
formly over its area [see Fig. 7(a)]. In accor-
dance with Saint-Venant’s principle, the stress
within a single NW remains inhomogeneous
only at distances from the top facet smaller
than the NW diameter, so that the whole NW,
except its uppermost part, is expected to be
homogeneously strained as a consequence of
fz .
In the following, we neglect the strain inho-
mogeneity due to the NW edges. In addition,
for simplicity, we consider that the NWs in-
stead of having a hexagonal cross-sectionwith
side a, have a cross-section with the same area
but with a circular shape. Therefore, if R is
the NW radius, the cross-sectional area of our
cylindrical NWs is given by piR2  (3√3/2)a2,
so thatR ≈ 0.91a. The six linear force densities
fx acting at the side edges of a hexagonal NW
can thus be replaced by the areal force density
fx/a, which is homogeneously applied to the
side surface of the cylinder. This areal force
density results in the bulk stress components
σrr  σθθ  − fx/a. Here, we proceed to cylin-
drical coordinates, assuming axial symmetry
of the problem, so that σxx  σyy  σrr  σθθ
and εxx  εyy  εrr  εθθ.
At the top facet, the force with the linear
density fz is applied along the cross-sectional
perimeter [see Fig. 7(a)]. Under the cylin-
drical approximation, the NW cross-sectional
perimeter has a length of 6a. Consequently,
the linear density force fz divided by the area
of the top facet, (3√3/2)a2, results in the bulk
stress component σzz  −(4/
√
3) fz/a. All
components of the bulk stress are thus in-
versely proportional to a, and can be related
to the strain components, εi j , using Hooke’s
law,
σrr  c11εrr + c12εθθ + c13εzz ,
σθθ  c12εrr + c11εθθ + c13εzz , (3)
σzz  c13(εrr + εθθ) + c33εzz ,
where ci j are the elastic moduli of GaN.
This strain will induce a variation in the
bandgap energy, which in the first approxi-
mation is proportional to strain:
∆E  aPL(εrr + εθθ) + bPLεzz , (4)
where aPL and bPL are the deformation poten-
tials, with values of −7.1 and −11.3 eV, respec-
tively.94
According to the data in Fig. 3(b), the strain
εzz  ∆c/c with respect to the c lattice pa-
rameter of bulk GaN varies from 2.4×10−4 for
sample D to 4 × 10−4 for sample B. Then, the
term bPLεzz would result in a redshift of the PL
lines ranging from −2.8 to −4.4 meV, respec-
tively. What we actually observe is a blueshift
by about +0.7 meV [see Fig. 6(b)] with re-
spect to the reference NW ensemble grown on
Si, which is free from homogeneous strain.74
Hence, the effect of the out-of-plane strain is
overcompensated by in-plane strain. A full
compensation would be achieved at εzz/εrr 
−2aPL/bPL  −1.25. Note that this strain state
is very different from that induced by the Pois-
son effect in a biaxially strained GaN layer, for
which εzz/εrr  −2c13/2c33  −0.53. Since
the shifts of the PL lines in Fig. 6 are notably
smaller than the term bPLεzz , and do not show
a 1/R dependence on the mean radius, we ne-
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glect the shift of the PL lines and take ∆E  0
in Eq. (4). Then, combining Eqs. (1), (3), and
(4), we arrive at the surface stress components
fx  2.25 N/m and fz  −0.7 N/m. Den-
sity functional theory (DFT) calculations25
give fx  −0.106 eV/Å2  −1.7 N/m and
fz  −0.055 eV/Å2  −0.5 N/m for these
GaN facets, i. e., fx is of the opposite sign as
the one determined here experimentally. We
note that the DFT calculations are performed
for an atomically clean facet in vacuum, while
our study is performed onNWs exposed to air,
which is expected to result in the formation of
a thin GaOx oxide layer on the NW surfaces.
In addition, this oxide layer will be covered by
surface adsorbates such as water.
Grazing incidence diffraction mea-
surements of the in-plane strain
For a comprehensive description of the strain
state of samples B–D,wemeasure the in-plane
lattice constants of GaN NWs and compare
them with the ones previously determined
by the combination of out-of-plane XRD and
PL measurements. For this purpose, X-ray
reciprocal space maps are collected around
the GaN 11¯00 reflections of samples B–D [see
Fig. 8(a)]. Each map is obtained by rotating
the sample under investigation by an angle ω
about the substrate surface normal. Reflec-
tions are repeated every 60◦, in accordance
with the hexagonal symmetry of GaN. The
scans of intensity as a function of the scatter-
ing angle ψ, at the sample orientation ω corre-
sponding to the maximum intensity, are used
for the determination of the in-plane lattice
spacing a.
For the analysis of the diffracted intensity,
we consider that the scattering plane, de-
fined by the directions of the incident and the
diffracted waves, is tilted with respect to the
substrate surface, because of the finite grazing
incidence and exit angles of the X-ray beam.
The diffracted intensity from each NW, which
is a thin long rod, is concentrated in the plane
normal to the rod axis, in the direction of the
GaN 11¯00 reflections. The main contribution
to the diffracted intensity comes from NWs
strictly perpendicular to the scattering plane,
while regions with smaller intensity are at-
tributed to tilted and twisted NWs.
The diffraction vector q has a component
parallel to the plane of the substrate surface q | |,
and a component, qz , normal to it. These com-
ponents can be expressed through the grazing
incidence angle α, the grazing exit angle β,
and the scattering angle in the surface plane
ψ as
q | |  k0
√
cos2 α + cos2 β − 2 cos α cos β cosψ,
qz  k0(sin α + sin β), (5)
where k0  2pi/λ is thewavevector. The total
length of the scattering vector q  (q2| | + q2z)1/2
at the maximum of the diffracted intensity of
a GaN 11¯00 reflection determines the a lattice
spacing as a  4pi/q√3.
Figure 8(b) presents the GaN 11¯00 X-ray in-
tensity profiles of samples B–D obtained at an
incidence angle α  0.45◦ and an exit angle
β  0.15◦. They are obtained, as a function of
the scattering angle ψ, from reciprocal space
maps analogous to those reported in Fig. 8(a)
and presented as a function of q, as explained
above. Despite the broadening of the profiles
due to the small cross-sectional size of NWs
and their orientational distribution, one can
see that the center of the diffraction peak of
sample B is at larger wavevector as compared
to the ones of samples C and D, reflecting a
smaller in-plane lattice spacing.
Figure 8(c) compares the a spacings of sam-
ples B–D, obtained from the grazing inci-
dence diffraction (GID) measurements de-
scribed above, with the lattice parameters of
bulk GaN80 and GaN NWs on Si.74 The a lat-
tice spacings are plotted versus 1/R, as pre-
viously done in Fig. 3(b) for the c lattice spac-
ing. We note that the lattice parameter of GaN
nanowires on Si74 has beenmeasured in a lab-
oratory X-ray GID experiment basically simi-
lar to the present one. This measurement was
possible because of a large NW density, pro-
viding enough diffracting volume for a labo-
ratory experiment.
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Figure 8: (a) GID ω − ψ maps of GaN 11¯00 reflections of samples B–D obtained at a grazing
incidence angle α  0.3◦ and a grazing exit angle β  0.15◦, (b) profiles of theGaN 11¯00 reflections
at α  0.45◦ and β  0.15◦, and (c) the a lattice parameters of GaNNWs of samples B–D obtained
from the Bragg peak positions. The a lattice parameters of bulk GaN80 and GaN nanowires on
Si74 are shown for the comparison. The dashed straight line is the expected variation of the a
lattice parameter calculated on the basis of the XRDGaN 0002 data in Fig. 3 and PL data in Fig. 6.
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The error bars for samples B–D in Fig. 8(c)
are a result of the average over the measure-
ments performed at different incidence and
exit angles. We find out that the accuracy of
the GID measurements, performed without
an analyzer crystal, are insufficient for a reli-
able independent determination of the a lat-
tice spacing. However, the results are consis-
tent with the a spacing dependence expected
from the c lattice parameter measurements
and the PL data, as shown by the dashed line
in Fig. 8(c). Hence, the contributions to the PL
line shift from the lattice expansion along the
GaN [0001] direction and the lattice contrac-
tion in the plane perpendicular to this direc-
tion compensate each other.
Summary and conclusions
We have synthesized ensembles of GaN NWs
on Ti characterized by different average NW
radii and a negligible degree of coalescence,
and observe that the out-of-plane strain com-
ponent is inversely proportional to the mean
radius of the NWs. We have shown that this
phenomenon is due to surface stress acting on
the NW sidewalls, which is only noticeable
in ensembles of NWs possessing sufficiently
small diameters. Despite the small diameters
and the absence of coalescence, NW ensem-
bles on Ti show a broadening of Bragg peaks
which is only two times smaller than that de-
tected in analogous structures with a high de-
gree of coalescence grown on Si. This effect
is not caused by inhomogeneous strain within
single NWs, as observed for NWs on Si, but
due to the superposition of different homoge-
neous strain states in the NW ensemble, as a
result of the radius-dependent strain and the
broad NW radius distribution.
The measured shift of the PL lines has been
found much smaller than expected from the
action of the measured strain εzz , and pos-
sesses an opposite sign. This result is an effect
of GaN lattice contraction in the NW basal
plane, in agreement with GID data. The ac-
curacy of the GID measurements, performed
without an analyzer crystal, was not sufficient
for a direct determination of the surface stress
components, but compatible with the values
obtained by combining the εzz strain compo-
nent derived from HR-XRD with the PL line
shift. Following this approach, we estimate
that the surface stress components fx and fz
are 2.25 and −0.7 N/m, respectively. These
values differ from those previously obtained
by DFT calculations for clean M-plane GaN.
We attribute this difference to the oxidation
of the NW surfaces and/or to the presence of
adsorbates due to ambient exposure.
Despite the small strain inhomogeneity in
GaN NWs grown on Ti/Al2O3, the linewidth
of excitonic transitions associated to neutral
donors in PL experiments is found to be com-
parable to those of ensembles of coalesced
NWs. This result is caused by both the broad
energy distribution of donors due to their
varying distances to the NW sidewalls, and to
a broad NW radius distribution. Each effect
contributes with about 1 meV to the broaden-
ing of the excitonic transitions.
Methods
Growth
Five different GaN NW ensembles (samples
A–E) grown by PA-MBE on Ti films sputtered
on Al2O3(0001) are investigated in this study.
Before NW growth, a Ti film with a thick-
ness of either 1.3 µm (samples A and E) or
3.4 µm (samples B–D) is deposited on bare
Al2O3(0001) by magnetron sputtering as de-
scribed elsewhere.53 After Ti sputtering, the
samples are loaded into the growth cham-
ber of our PA-MBE system, being exposed
to air during this process. Our MBE sys-
tem is equipped with a solid-source effusion
cell for Ga and a radio-frequency N2 plasma
source for active N. The impinging Ga and
N fluxes (ΦGa and ΦN, respectively) are cali-
brated in equivalent growth rate units of two-
dimensional GaN(0001) layers95 and are ex-
pressed in monolayers per second (ML/s).
The substrate temperature duringNWgrowth
is measured with a thermocouple placed in
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contact with the substrate heater.
Samples A–E differ in the thickness of the
sputtered Ti film, as indicated above, the sub-
strate nitridation step preceding the formation
of the GaN NWs, and the GaN growth con-
ditions. The GaN growth conditions involve
ΦGa and ΦN, the substrate temperature, and
the growth time. For samples A, D and E,
the Ti film is nitridated after opening simul-
taneously the Ga and N shutters to initiate
the growth of GaN, while for samples B and
C, a dedicated nitridation step is introduced
before growth. The N flux used for substrate
nitridation is the same one as for GaN growth.
After the intentional substrate nitridaton pro-
cess, the Ga shutter is opened to initiate the
formation of GaN NWs. Further details con-
cerning the nitridationprocess can be found in
Ref. 60. Table 1 summarizes the GaN growth
conditions employed for the growth of sam-
ples A–E.
Characterization
After growth, the NW morphology is investi-
gated by field-emission scanning electron mi-
croscopy (SEM), XRD and cw-PL. The SEM
analysis is carriedout in aZeissUltra 55micro-
scope using an acceleration voltage of 15 keV.
The average NW radii for samples A–E, as de-
termined from the analysis of several plan-
view scanning electronmicrographs using the
open source software ImageJ,96 are shown in
Table 1.
Laboratory XRD measurements of 000L re-
flections are performed with CuKα1 radiation
(wavelength λ  1.54056 Å) using a Panalyti-
cal X-Pert Pro MRDTM system equipped with
a Ge 220 hybrid monochromator. To inves-
tigate the strain state of the NW ensembles,
symmetric θ/2θ scans are recorded across the
GaN 0002, 0004, and 0006 Bragg reflections
with a three-bounce Ge 220 analyzer crystal
in front of the detector. The resolution func-
tions for our experimental conditions are de-
termined bymeasuring the same Bragg reflec-
tions of a bulk GaN(0001) single crystal with
a dislocation density lower than 105 cm−2 pur-
chased from Ammono S.A.76 For the determi-
nation of the NW tilt and twist, ω and ϕ scans
are recorded across the GaN 0002 and 11¯00
reflections, respectively. These measurements
are carried outwithout analyzer crystal, using
a 1 mm slit in front of the detector.
GID measurements are performed at the
beamline ID10 of the European Synchrotron
Radiation Facility (ESRF) at an X-ray energy
of 22 keV (wavelength λ  0.5636 Å). The
grazing incidence angle is varied from 0.1◦ to
0.6◦. A linear detector (Mythen 1K, Dectris)
is placed parallel to the substrate surface to
cover the range of scattering angles ψ around
the diffraction angle of the GaN 11¯00 reflec-
tion with 2θ ≈ 11.7◦. The grazing exit angle is
varied from 0.12◦ to 0.33◦. The sample is ro-
tated about the substrate surface normal, and
linear detector scans are recorded for different
azimuthal angles ω. The obtained reciprocal
space maps in ω−ψ coordinates are similar to
standard ω−2θmapsmeasured in laboratory
X-ray diffraction experiments.
Continuous-wave PL spectra are recorded
utilizing a Horiba/Jobin-Yvon LabRam HR-
800-UVspectrograph. The luminescence is ex-
cited at 9 K by the 325 nm line (photon energy
3.814 eV) of a Kimmon HeCd laser, dispersed
in an 80 cm monochromator equipped with a
2400 lines/mm grating [resulting in a spectral
resolution of 0.25 Å (0.25 meV)], and detected
by a liquid-N2-cooled charge coupled device.
The monochromator is calibrated by the spec-
tral position of the atomic emission lines from
Hg and Ne lamps. For the experiments pre-
sented here, the samples are measured side-
by-side without moving the monochromator.
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